Abstract: A novel fast-setting calcium silicate cement with fluoride (CSC) has been developed for potential application in tooth crowns. This study compared the cytotoxicity of CSC compositions and a variety of dental materials. We tested CSC compositions (Protooth), MTA, Biodentine, Ketac Molar, Fuji II LC, Vitrebond, DeTrey Zinc, Dycal, and IRM, DMEM (negative control) and 1% NaOCl (positive control). After setting of cements for 24 h, specimens were immersed in DMEM for 24 h to obtain material elutes. The elutes were serially diluted in serumfree DMEM to obtain three dilutions. L929 mouse fibroblast cells (1 × 10 4 cells per well) were treated for 24 h with elute dilutions (n = 3). Cytotoxicity was determined using methyl-thiazolyl-tetrazolium assay in triplicate. CSC compositions, MTA, and Biodentine showed no significant reduction in cell viability compared to DMEM. There was no significant difference in cell viability, at any of three dilutions, between CSC compositions and either MTA or Biodentine. Cytotoxicity was significantly lower for CSC compositions than for Vitrebond, DeTrey Zinc, Dycal, IRM, and 1% NaOCl, at all three dilutions, and undiluted Fuji II LC elute. In contrast to resin-modified glass ionomers, zinc phosphate cements, Dycal, and IRM, the CSC compositions showed no cytotoxic potential.
Introduction
Restorative materials and procedures may challenge the pulp-dentin complex and surrounding tissue (1) . The pulp-dentin complex has to stand up against preparation trauma, bacterial invasion, conditioning with acid etchants, and selection of soluble, acidic, or toxic materials (2) .
Calcium hydroxide-based materials, glass ionomer cements (GIC), and resin-modified GIC (RMGIC) are commonly used for pulp protection in restorative dentistry. Despite the clinical advantages of these materials, they have drawbacks. Calcium hydroxide-based materials are soluble in water and have undesirable mechanical properties (3) . GIC are acidic materials with limited ability to induce tertiary dentin formation (4) and may cause an inflammatory pulpal reaction (5) . Incorporation of polymerizable water-compatible monomers in RMGIC, such as 2-hydroxyethyl methacrylate (HEMA), may diffuse through the dentin and endanger pulp vitality (6, 7) . Selection of dental material with lower cytotoxicity, which prevents bacterial microleakage, promotes mineralization, and provokes tertiary dentin secretion is desirable for tooth pulp to overcome the various irritants (8) .
In the last few decades, calcium silicate cements, including MTA, have been increasingly used in dentistry, mainly in endodontics. These cements exhibit superior sealing ability (9) , antibacterial action (10), regenerative capacity (11) , and biocompatibility (12) . Calcium silicate cements set in the presence of humidity and release Journal of Oral Science, Vol. 60, No. 1, 82-88, 2018
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In vitro cytotoxic evaluation of novel fast-setting calcium silicate cement compositions and dental materials using colorimetric methyl-thiazolyl-tetrazolium assay calcium hydroxide during the hydration process, which explains their favorable biological features (12) . Further, the promising biological performance of calcium silicate cements is due to apatite formation from the reaction of calcium hydroxide with phosphate in the environment (13) . Addressing some of the main disadvantages of calcium silicate cements-including setting time, mechanical properties, and consistency-may support more practical usages in tooth crown. Recently, a novel fast-setting calcium silicate cement with fluoride (CSC) has been developed for potential applications in tooth crowns. CSC comprises mainly the same components as MTA including tricalcium silicate, dicalcium silicate, tricalcium aluminate, and calcium sulfate. Additionally, CSC contains fluoride additive, nanosilica, and radiocontrast material. The mechanical properties of CSC are significantly better than those of MTA and Biodentine, (14) and CSC supports superficial apatite precipitation in a physiological-like solution (15) . The setting time of CSC (4 to 10 min) varies according to the optional consistency (from fluid to thick condensable) and allows the cement as a candidate material for practical application in tooth crowns, similar to Dycal, IRM, zinc phosphate cement, and GIC. Accordingly, the potential applications of CSC may include deep-cavity lining, caries control, cementations, trauma, and infractions.
Analysis of in vitro cell biological response is useful in evaluating the cytotoxicity and biocompatibility of dental materials (16) . In vitro cytotoxic tests are simple, reproducible, and suitable for comparative evaluation of material cytotoxicity (17, 18) . Thereby, we compared the in vitro cytotoxicity of CSC compositions with varying radiocontrast and fluoride content with that of dental materials, which are routinely used in restorative dentistry.
Materials and Methods
The cytotoxicity of dental materials was evaluated according to the International Organization for Standardization (ISO) 10993-5 specifications (19) .
Preparation of material elutes
The tested dental materials are listed in Table 1 . We included four different CSC compositions (CSC, Ultrafast CSC, Bond CSC, and High-fluoride CSC) with modified fast-setting, consistency, and radiocontrast addition (Protooth, Ultrafast Protooth, Bond Protooth, Highfluoride Protooth; Dentosolve Aps, Aarhus, Denmark). One gram of each CSC powder at a specific powderto-liquid ratio was cap-mixed (CapMix, 3M, ESPE, Seefeld, Germany) with hydration liquid containing 2% long-chained polycarboxylic acid for 20 s. Incorporation of a superplasticizer lowers the liquid-to-powder ratio, thereby improving the mechanical properties and enhancing paste workability. The other materials in the study were mixed according to the manufacturers' instructions, under aseptic conditions. The mixed materials were filled into a sterile coverslip (diameter 6 mm; height 2 mm). Specimens were stored in an incubator at 37°C and >95% humidity for 24 h to ensure complete setting of all materials. The samples were then removed from the coverslip and immersed individually in a sterile cryotube containing 1.88 mL of serum-free Dulbecco's Modified Eagle's Medium (DMEM; Sigma-Aldrich, Gillingham, UK), to obtain elute from each material. The ratio between the exposed surface of the specimen and the volume of DMEM was 0.5 cm 2 /mL (20) . After 24 h, elutes were filter-sterilized with a 0.2-μm filter. Elutes were serially diluted in DMEM to obtain 1, 1/2, and 1/4 dilutions.
Cell culture L929 mouse fibroblast cells (Sigma-Aldrich) were cultured in DMEM complemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 µg/mL streptomycin, and 2 mmol/L L-glutamine, at 37°C in a 5% CO 2 humidified air environment. At 80% to 90% cell confluence, cells were re-seeded in 96-well plates (Sigma-Aldrich) at a density of 1 × 10 4 cells per well. After 24 h, the media of the wells were drawn and replaced with 100 µL of elute from each dilution (n = 3 for each dilution). Serum-free DMEM and 1% NaOCl were used as negative and positive controls, respectively. Cells were hereafter treated with each elute dilutions.
Cytotoxicity assay
Cell metabolic activity was evaluated by determining succinic dehydrogenase activity, a measure of mitochondrial activity in cells, with a methyl-thiazolyl-tetrazolium (MTT) assay. After incubation for 24 h, each well was twice washed with sterile phosphate-buffered saline. Then, 50 µL of MTT solution (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 1 mg/mL was added to each well, and the plate was placed in an incubator at 37°C for 4 h.
After incubation, 100 µL of isopropanol was added to each well to dissolve the formazan from cells. The plates were shaken for 30 min, and optical density was read with a universal microplate reader (EL800, BioTek, Winooski, VT, USA) at a wavelength of 595 nm. The cytotoxicity of each material was defined as the percentage of the optical density of the negative control group (DMEM). All tests were performed in triplicate.
Data were analyzed by one-way analysis of variance (ANOVA) with post-hoc multiple comparisons (Tukey HSD test). IBM SPSS Statistics 21.0 statistical software was used for all analysis. A P value of less than 0.05 was considered to indicate statistical significance.
Results
Fig . 1 shows the mean (SD) cytotoxicity values for the materials after 24 h of exposure to the three dilutions of elutes. One-way ANOVA showed a significant difference between groups for all dilutions (P < 0.0001). The results of post-hoc pairwise comparisons of materials are shown in Table 2 .
The cell viability of CSC compositions, MTA, and Biodentine did not significantly differ from that of DMEM; whereas, the cell viability of all the other dental materials and the positive control, at all dilutions, was significantly lower than that of DMEM (P < 0.001). However, for the Ketac Molar specimens only the undiluted elute exhibited a significant reduction in cell viability as compared with DMEM (P = 0.021). The cell viability of Ketac Molar specimens at all dilutions was greater than 80%, which indicates that the material elutes have no cytotoxic potential according to the ISO 10993-5 standard specification.
All CSC compositions exhibited no cytotoxic potential and did not significantly differ from MTA or Biodentine. The cytotoxicity of all CSC compositions, MTA, and Biodentine was significantly lower than that of Vitrebond, DeTrey Zinc, Dycal, and IRM, at all three dilutions, and significantly lower than that of 1% NaOCl and GC Fuji II LC at the undiluted concentration (P < 0.001). Cytotoxicity did not significantly differ among the three dilutions of calcium silicate cements but significantly differed among the three dilutions of GC Fuji II LC, Vitrebond, DeTrey Zinc, and Dycal (P < 0.001). The differences between dilutions of materials (post-hoc multiple comparisons) are shown in Fig. 1 .
Discussion
In this study, we demonstrated that the cytotoxicity level of CSC compositions was comparable to that of MTA and Biodentine, with no potential cytotoxic effect (as defined by ISO 10993-5) and without a statistically significant difference compared to DMEM. Protooth is a novel fast-setting calcium silicate cement with an initial setting time in the range of 4 to 10 min according to the consistency. The consistency of CSC can be altered for a specific application by slightly changing the liquid-topowder ratio. Ultrafast Protooth, with 20% radiocontrast and 3.5% soluble fluoride, sets in 1.5 to 2 min and is a candidate cement for cavity lining. CSC compositions release fluoride ions over time at the level of ppm (unpublished data). The hydrophilic nature of CSC compositions allows the material to set and strengthen in humid condition (14) . This feature of Protooth may be favorable for applications where humidity and isolation are challenging, in contrast to materials sensitive to humidity, such as GIC and RMGIC (21) .
The biocompatibility of MTA as a successful calcium silicate cement for endodontic treatments is well documented (22) . The excellent biocompatibility of MTA and calcium silicate cements is attributable to release of calcium hydroxide, a hydration byproduct of the Table 2 The results of post-hoc pairwise comparisons using Tukey HSD test between the groups and corresponding dilutions
# # * ** ** *** *** # Dycal # # * ** ** *** *** # IRM # # # ** *** *** # The number of asterisks indicates a significant difference for 1 (*), 1/2 (**), and 1/4 (***) dilutions of eluents between groups. A significant difference between groups at all three dilutions is indicated with a hashtag (#). cement (12, 22) . In this study, the cytotoxicity of MTA, Biodentine, and Protooth was similar to that of DMEM with no statistically significant difference. Interestingly, the different compositions of CSC, with varying radiocontrast and fluoride content, had almost identical cytotoxicity values, which did not significantly differ from that of DMEM at any elute concentration.
The findings of this in vitro MTT assay were essentially consistent with those of previous cytotoxicity studies. Damas et al. reported that MTA resulted in a small, nonsignificant decrease in cell viability of human dermal fibroblasts after 24 h (23). Modareszadeh et al. concluded that exposure of mouse Saos-2 osteoblast-like cells to 100% and 50% dilutions of MTA elution resulted in a nonsignificant reduction in cell survival after 24 h (24). Hernandez et al. showed that eluents from freshly mixed or 24h-set white MTA were not cytotoxic to macrophages and fibroblasts (25) . Biodentine and MTA had similar cytotoxicity levels in MG63 osteoblast-like cells (26) and induced similar cellular responses in fibroblast cell lines (27) .
We observed that undiluted concentrations of elute in all tested materials, except those from calcium silicate cements, significantly reduced cell viability as compared with DMEM. Although the undiluted elute of Ketac Molar reduced cell survival to about 80%-a significant difference from DMEM-the Ketac Molar elute had no cytotoxic potential according to the ISO 10993-5 specification, which defines cytotoxic potential of a material as a reduction in cell viability below 70% in MTT assay. Our results indicate that material eluents obtained from all calcium silicate cements in this study and from Ketac Molar eluents after 24 h immersion in DMEM did not have potential cytotoxic effects after 24 h exposure to L929 fibroblast cells according to the ISO 10993-5 specification.
A previous study reported that PDL fibroblast cells exposed to undiluted elutes of Ketac Molar for 3 days had a 50% decrease in cell viability as compared with MTA (28) . Furthermore, the cytotoxic effect of GIC on pulp cells was stronger than that of calcium hydroxide, even after a 2-day hardening period (29) . The cytotoxicity of GIC is generally attributed to their acidity and release of fluoride (30) and aluminum (31) , but toxicity varies by product (32) . Fluoride release might have a small effect on CSC cytotoxicity level, as compared with the impact of substantial calcium hydroxide release during cement hydration-the main factor in determining the biocompatibility of calcium silicate cements (12, 22) . A recent case report showed that during an observation period of 3 years CSC had acceptable biocompatibility and tissue tolerance by human periapical tissue, when it was used as a root end filling material in an avulsed open-apex permanent incisor (33) .
Cell viability was significantly lower for RMGIC than for all CSC compositions, MTA, Biodentine, and the control group. Vitrebond exhibited a marked cytotoxic effect, namely, a greater than 60% reduction in viable cells, which confirms the findings of a previous study (34) . Leaching of HEMA, ethylene glycol compounds, camphorquinone, and a specific initiator (DPICl) were documented in RMGIC. DPICl is characterized as a highly toxic element that increases the toxicity of materials in which it is present (35) . HEMA can diffuse through dentin into the pulp and threaten pulp vitality (7) . GC Fuji II LC powder contains polyacrylic acid, which has strong cytotoxic effects on cell viability (36) . The strong cytotoxicity of IRM is due to eugenol, a highly cytotoxic phenol derivative (37) .
We found that Dycal had a strong and significant cytotoxic effect, as compared with DMEM and all calcium silicates, including CSC compositions, MTA, and Biodentine. Previous studies reported that calcium silicate-based cements have lower cytotoxicity and better antibacterial characteristics than do calcium hydroxidebased materials (38) (39) (40) .
The MTT assay is an in vitro screening test used extensively for evaluating the cytotoxicity of materials. It measures damage to the succinate dehydrogenase mitochondrial enzyme after exposure of cells to toxic substances (41) . Comparison and variation of MTT test results from different studies is affected by cell type, material aging, material contact method, elution extraction period, and exposure time (42) . The MTT cytotoxicity test has a limited role in the overall evaluation of biocompatibility of materials, which is better assessed with more complementary in vitro and in vivo tests, to ensure proper evaluation of a material biocompatibility (Schmalz G, Arenholt-Bindslev D. Biocompatibility of dental materials, Springer-Verlag, 2009). The MTT test does not always indicate cell viability, as viable cells with low metabolic activity may be present. Thus, MTT assay results should be validated by using other supplementary methods that measure cell apoptosis, necrosis, or gene mutation.
In the present study, we kept the materials in an incubator for 24 h to assure complete setting of all materials before immersion in DMEM. Thereafter, the cells were exposed to the material elute dilutions for 1 day, which allowed us to assess the immediate cytotoxicity level of the material. 
